Abstract: Generating circular polarization for ultra-intense lasers requires solutions beyond traditional transmissive waveplates which have insufficient bandwidth and pose nonlinear phase (B-integral) problems. We demonstrate a reflective design employing 3 metallic mirrors to generate circular polarization.
Introduction
Ultra-intense lasers operating in the sub-picosecond regime have various applications which would benefit from circularly polarized light when interacting with targets, most of which are based on differences in electron motion and heating with circular versus linear polarization [1, 2] . Such laser systems experience problems with traditional transmissive quarter waveplates. First, for the broadest bandwith lasers, even a zero-order waveplate can have insufficient bandwidth to provide uniform phase delays at all wavelengths. Second, at high intensity, any transmissive optic poses nonlinear phase (B-integral) problems which may deteriorate temporal and/or spatial qualities at focus. One solution is to consider broadband reflective metallic optics for generating the required quarter-wave phase shift. The concept has been explored mainly in spectral regions of the far infrared [3] and the ultraviolet to soft x-ray [4] regions where transmissive quarter waveplates are unavailable. To our knowledge, the technique has not been applied in the visible and near infrared spectral regions to meet the needs of ultrashort pulse ultra-intense lasers.
The classical concept [5] applies a linearly polarized beam with the polarization at 45
• with respect to the plane of incidence at a metallic reflector (i.e., such that the linearly polarized beam is equal parts s and p-polarizations). The beam will experience a phase shift between the polarization components upon reflection such that this phase shift φ between the two polarizations can be varied from 0 to 180
• depending on the beam's angle of incidence θ inc at the metallic reflector. Significant values of φ are usually only possible for θ inc greater than 45
• . In concept, a single mirror could achieve the desired circular polarization goal but the sensitivity of the phase shift to θ inc at the reflector is high. Also, at these larger angles, a small difference in the reflectivity of the two polarizations is also observed, implying a partial aborption of one polarization. For this reason as well as relaxing the sensitivity of φ to θ inc and reducing mirror sizes, a multimirror design with reduced values of θ inc is favored. We demonstrate a reflective design employing 3 metallic mirrors to generate circular polarization. Furthermore, due to the potential partial absorption of one polarization posing a problem for high intensity laser operation, we measured the laser-induced damage threshold under use conditions and verified that the mirror operation is negligibly affected.
Design and Benchtest Implementation
A three mirror in-plane design was chosen using bare gold coated optics of 100 nm gold layer thickness. The first and third optic use the same incident angle of θ inc =71.08
• while the central optic has the complementary incident angle of 37.83
• . In this design, the bulk of the system phase shifting occurs at the first and last optic. The system was modeled using Zemax software to determine the optimal angles for the desired polarization shift of φ=90
• under the operating conditions of 1054nm light used at the ultra-intense laser Z-Petawatt located at Sandia National Laboratories [6] . For this modeling effort, the complex refractive index of bare gold at 1054 nm was taken to be n = n 0 + ik = 0.281 − 7.2607i. The benchtest setup of small bare gold optics (see Fig. 1 ) was constructed to validate performance. The setup indicated circularly polarized light at θ inc =70
• , which is a slight shift from the anticipated angle of 71.08
• . Varying the θ inc parameter from 65 to 75
• showed the phase shift φ could be tuned from 77 to 112
• (see Fig. 1 ). In general, the entire data curve is slightly shifted from the expected model behavior but these slight deviations are likely due to measurement resolution or modeling assumptions.
The absorption of a single gold mirror in the Zemax model did indicate the differential absorption between s and p-polarizations. Near θ inc =0
• , the reflectivity R of a single mirror is calculated to be R = 0.98. As θ inc increases, the reflectivity for a beam with equal parts s and p-polarization will dip to a minimum of R s+p = 0.961 at θ inc = 81.75
• (with R s = 0.997 and R p = 0.924 at this angle). At the desired use angle of θ inc = 71
• , R s+p = 0.967 with R s = 0.993 and R p = 0.945. Experimentally, a single bare gold mirror was checked for this absorption with θ inc being varied from 65 to 80
• . The result was that only 3 to 5 percent loss was observed for these incident angles and no trending behavior was observed (as expected since the change in absorption is small compared to the noise measurement of the setup). The lack of an observed difference in absorption for s-and p-polarized light indicates that the steep angles of incidence should not deleteriously affect the laser-induced damage threshold of the optic. Measured data corroborates this. Bare gold mirror samples were exposed to a laser beam at 1054 nm at 350 fs duration with linearly polarized light set at 45
• to plane of incidence at a metallic reflector (i.e., such that the linearly polarized beam is equal parts s and p-polarizations). At θ inc = 0
• , the optical damage threshold was determined to be 0.64 J/cm 2 at the surface normal. At θ inc = 70
• , the optical damage threshold was determined to be 0.72 J/cm 2 at the surface normal, which is essentially the same value to within the 10 percent resolution error.
Conclusions
A three mirror design has been developed to generate circularly polarized light on target in an ultra-intense laser system. Bench testing at small scale indicates that bare gold coated optics can achieve the desired operation. Damage testing indicates no significant change in the operating regime for the metallic mirrors. With these bench test results in mind, a scaled-up version of the system is possible for use in the 100 TW module of Z-Petawatt.
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